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[1] A dye study was conducted to track an intrusion generated at the boundary of a small
lake. Persistent turbid layers offshore presented evidence of possible intrusions from
boundary mixing. After high winds, a streak of RhodamineWTwas injected at the boundary
of the lake where the slope was between 5% and 10%. Both vertical profiles and longitudinal
transects of the dye concentration were measured. The three‐dimensional dye mapping
showed a distinct dye intrusion, ranging between 0.5 and 1 m thick, over 200 m in horizontal
extent offshore, 1 day after the injection. Profiles of temperature microstructure measured
soon after the injection both at the injection site and offshore showed an elevated eddy
diffusivity near the boundary where the dye was injected, indicating that the intrusion
resulted from boundary mixing. Because the dominant internal waves are subcritical, the
mixing is most likely due to seiching currents interacting with the boundary. The
propagation characteristics of the intrusion were predicted most closely by a formulation for
a radially spreading intrusion governed by a balance between buoyancy and inertia. These
results show that intrusion generation and propagation may be a significant process for
mass transport in stratified lakes and reservoirs.
Citation: Wain, D. J., and C. R. Rehmann (2010), Transport by an intrusion generated by boundary mixing in a lake, Water
Resour. Res., 46, W08517, doi:10.1029/2009WR008391.
1. Introduction
[2] Understanding the transport of dissolved substances
such as oxygen, nutrients, microorganisms, and plankton is
essential for managing water quality in lakes and reservoirs.
The ability of stratification, which is caused by temperature,
salinity, suspended sediment, or dissolved gases, to restrict
vertical mixing and control the spatial variability of nutrients
and other substances affects the distribution of dissolved
oxygen in the water column [e.g., Rao et al., 2008], the
availability of nutrients to phytoplankton [e.g., MacIntyre
et al., 1999], and transport of pollutants between the hypo-
limnion and epilimnion [e.g., Morillo et al., 2008]. The cur-
rent model in ocean and lake mixing is that turbulence created
at the boundaries by internal waves and currents causes most
of the mixing [e.g., Gregg, 1998; Ledwell et al., 2000;
Wunsch and Ferrari, 2004]. While much work has been done
to investigate mixing at boundaries in lakes and the ocean,
less attention has been paid to the fate of the mixed fluid. One
possible outcome, investigated in this study, is that intrusions
transport mixed fluid into the interior.
[3] Munk [1966] suggested that the mixing required to
explain historic temperature profiles in the ocean might arise
from boundaries rather than the ocean interior. Pursuing this
suggestion, Armi [1978] proposed that turbulence generated
by shear from currents on the ocean bottom was responsible
for the mixing; he envisioned fluid being mixed on the
sloping bottom and advected along isopycnal surfaces into
the ocean interior. Garrett [1979, 1990] challenged this sce-
nario with arguments about the efficiency of the bottom
mixing: if the bottom turbulence merely stirs fluid that is
already mixed, then the efficiency and the resulting fluxes to
the interior cannot be large. Nevertheless, Garrett [1979]
admitted the possibility that boundary processes may con-
trol vertical mixing in the ocean.
[4] Laboratory experiments on mixing on a sloping
boundary suggest that secondary circulation can restratify the
fluid near a sloping boundary and possibly increase the effi-
ciency of boundary mixing [Phillips et al., 1986]. Because
isopycnals must bend to satisfy the no‐flux condition at a
sloping boundary, buoyancy forces drive transport both up
and down the slope [Phillips, 1970; Wunsch, 1970]. Thus,
while Garrett [1979] raised concerns about boundary pro-
cesses merely mixing mixed fluid, the secondary circulation
provides a mechanism for boundary mixing to act on strati-
fied fluid. However, Garrett [1990] argued that the net effect
of this secondary circulation on overall mixing is ambiguous
since the restratification is accompanied by a countergradient
vertical advective flux. By comparing the vertical diffusive
flux and total flux for spatially variable mixing, Garrett et al.
[1993] defined a mixing effectiveness, by which the basin‐
averaged mixing rate must be reduced and speculated that it
may be small.
[5] Some of the questions about how boundary processes
control mixing in stratified water bodies can be addressed
more easily in lakes than in the ocean. Twomain mechanisms
generate mixing at a sloping boundary in a lake (Figure 1).
Wind acting on the surface of a stratified lake can set up
seiches, which generate currents along the boundaries, as in
the model of Armi [1978]. The friction with the bottom
generates turbulence that mixes the water locally to create a
turbulent bottom boundary layer [e.g., Gloor et al., 2000].
The seiching motions can also degenerate into higher‐
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frequency waves. Some of these waves propagate toward the
boundary with a critical frequency set by the stratification and
the slope of the boundary. When the critical waves approach
the boundary, their energy reflects along the slope and
energizes a turbulent bottom boundary layer [e.g., Eriksen,
1998; MacIntyre et al., 1999]. Once a turbulent boundary
layer is created on the slope, the mixed boundary layer fluid
becomes gravitationally unstable with respect to the stratified
water adjacent to it, and the mixed patch collapses and forms
an intrusion. The intrusion can then transport fluid and other
constituents along an isopycnal [e.g., Thorpe, 1998].
[6] Several studies provide evidence for intrusions from
boundary processes. Caldwell et al. [1978] observed stepped
profiles near sloping boundaries in a lake that they attributed
to intrusions generated by boundary mixing. Dye injected
into the water column above a slope in a fjord was eventually
entrained into a turbulent boundary layer generated by the
semidiurnal tide moving over rough topography, and then it
entered the interior as intrusions [Inall, 2009]. Intrusions can
also explain turbid layers observed in the interior of a water
body. Dickson and McCave [1986] and Thorpe and White
[1988] proposed that nepheloid layers along a continental
slope resulted from boundary mixing due to the semidiurnal
M2 tide reflecting critically. Such observations in lakes are
rare: Marti and Imberger [2008] observed a well‐defined
turbid layer that they concluded had been advected offshore
by currents in the metalimnion that resulted from a second
vertical mode seiche.
[7] Observations of intrusions help to assess the role of
boundary processes in basin scale mixing.Gloor et al. [2000]
noted a spatial variation in the thickness of bottom mixed
layers: in the deepest part of the lake, well‐mixed layers of 4–
5 m developed, and they disappeared over 10–20 days after
strong seiching stopped. On the slopes, however, the mixed
layers were thinner and more intermittent, and mixed water
masses extended up to several hundred meters into the lake
interior. From these observations and the theory ofBarenblatt
[1978], Gloor et al. [2000] suggested that intrusions carry
mixed fluid away from the boundaries. Near the bottom, the
observations are consistent with the prediction of Garrett
[1979] that the efficiency of boundary mixing would be
low because only mixed fluid is mixed, but on the slopes,
intrusions provide a mechanism for removing the mixed fluid
[Gloor et al., 2000].
[8] While several field experiments have provided evi-
dence of intrusions from boundary mixing, intrusions re-
sulting from the collapse of turbulent regions have been
tracked from the boundary into the interior mostly in labo-
ratory experiments. Several experiments have investigated
the vertical mixing from breaking internal waves and
observed intrusions [e.g., Cacchione and Wunsch, 1974; Ivey
and Nokes, 1989], but fewer have quantified the intrusion
properties. De Silva et al. [1997] and McPhee‐Shaw and
Kunze [2002] measured propagation of intrusions resulting
from breaking internal waves on a slope and related the
intrusion speed to the energy of the incident internal waves.
The former observed no change in the background density
stratification due to the intrusion, whereas the latter observed
persistent steps; however, as De Silva et al. [1997] noted,
even if the intrusion does not change the thermal structure of a
lake, dissolved substances can still be transported offshore.
The experiments of Wells and Helfrich [2004] provide
information on the three‐dimensional behavior of an intru-
sion generated at the boundary; in those, effects of rotation
limited the propagation of the intrusion.
[9] Intrusions generated by boundary mixing may be an
important mechanism to redistribute mixed fluid away from
the boundaries and into the lake interior. While observational
evidence of intrusions from boundary mixing exists, most
studies of the phenomenon have occurred in the laboratory.
Figure 1. Schematic of physical processes leading to boundary mixing and intrusions in a lake. Wind can
create seiches and critical internal waves. Turbulence from seiching currents or wave breaking can mix fluid
in the bottom boundary layer, and gravitational readjustment of this mixed layer can lead to intrusions of
mixed fluid propagating into the interior.
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With the exception of Inall [2009], no field experiments exist
where intrusions have been tracked from the boundary into
the interior, as is done in the laboratory. To investigate the fate
of mixed fluid in a lake, we used a tracer to track an intrusion
generated at the boundary and conducted simultaneous
turbulence measurements. Section 2 describes the lake, the
measurements, and the analysis. In section 3, we present
measurements of the wind, eddy diffusivity, and dye con-
centrations. In section 4, we compare our measurements to
previous work on intrusions and discuss the source of the
intrusion, the force balance that drives its propagation, and
the implications for water quality.
2. Experiment
[10] An experiment that combined microstructure mea-
surements with a dye release was conducted at Ada Hayden
Lake in Ames, IA, USA (Figure 2). Dye was injected 1 h after
a storm front passed on 20 July 2005. An atmospheric grav-
ity wave produced strong winds that reversed direction by
180° as the wave passed. Temperature microstructure was
measured 6 h after the dye injection, and the dye cloud
was mapped 1 day after the injection. Another atmospheric
gravity wave passed over the lake 17 h after the injection but
before the mapping.
[11] Ada Hayden Lake is an abandoned rock quarry that is
used as a secondary water supply for Ames. It consists of two
basins, and the experiment was performed in the larger,
deeper south basin, which has a surface area of about 0.3 km2
and a maximum depth of about 17m. The fetch in the primary
wind direction is approximately 700 m. The lake is strongly
stratified in the summer, with a well‐mixed epilimnion lying
over a thick, strongly stratified metalimnion and a weakly
stratified hypolimnion (Figure 3a).Water enters the lake from
groundwater and surface water runoff, which is filtered
through wetlands. The two basins are separated by a 3 m deep
sill. Because the sill is shallower than the summer thermo-
cline, exchange between the two basins most likely consists
only of epilimnetic waters. Stirring from boat traffic is small
because motorized boats are prohibited on the lake. The lake
has steep sides except for a few areas; the northeast corner,
where dye was injected, has a more moderate slope ranging
between 5% and 10%.
[12] During July, the mean winds at Ada Hayden Lake
are 2–3 m/s SSE. Stronger winds (>5 m/s) are typically
associated with storms, most often from the south. Wind
measurements come from the Ames Municipal Airport,
approximately 8 km south of the lake. Comparing these
measurements to those from several meteorological stations
in communities surrounding the lake suggests that wind
speeds measured at the airport represent the conditions at the
lake. The wind was measured every minute at the airport, and
then a moving average over a 15 min interval was computed.
The strength of the wind, which can cause the stable density
structure to overturn, was compared to the strength of the
stratification, which resists overturning, with the Lake number
[Imberger and Patterson, 1990],
LN ¼ gSt 1 zT=zsð Þ
su2*A
3=2
s 1 zv=zsð Þ
; ð1Þ
where g is the acceleration of gravity, zT is the center of the
metalimnion, zs is the height of the water surface, rs is the
density at the surface, u* is the shear velocity in the water, As
is the area of the surface, zv is the height of the center of
volume, and St is the stability of the water body defined as
St ¼
Zzs
0
zv  zð Þ zð ÞA zð Þdz; ð2Þ
whereA(z) is the surface area as a function of depth. The shear
velocity in the water was computed as
u* ¼
a
s
 1=2
u*a ; ð3Þ
Figure 2. Map of the south basin of Ada Hayden Lake.
Depth contours are marked in meters. Dye was injected at
Station A, and microstructure was measured near Stations A
and B. Solid circles indicate where dye profiles were mea-
sured for the transect series in Figure 7.
Figure 3. Conditions during the experiment: (a) average
temperature profile, (b) buoyancy frequency N, and (c) tur-
bidity profile before the dye injection. To remove internal
wave effects, turbidity as a function of temperature was con-
verted to a profile of turbidity as a function of depth using the
mean temperature profile.
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where ra is the air density and u*a is the shear velocity of the
wind, calculated with the formulas for weak and strong winds
in the work of Wüest and Lorke [2003]. Low Lake numbers
indicate that the surface force from wind stress can tilt
the isotherms, and a Lake number of 1 implies upwelling
[Imberger and Patterson, 1990].
[13] Temperature profiles were measured with the tem-
perature sensor on a Self‐Contained Underwater Fluorescence
Apparatus (SCUFA) from Turner Designs, which was sam-
pled simultaneously at 1 Hz with an SBE 50 Digital Ocean-
ographic Pressure Sensor from Sea‐Bird Electronics. The
instruments were lowered by hand at approximately 0.25 m/s,
and 76 vertical profiles were measured. The first 42 of these
profiles were measured over 5 h on 20 July 2005, before and
immediately after the dye injection. The last 34 profiles were
measured over 4 h on 21 July 2005. The water column was
divided into 1 m bins, and all the measurements in the depth
bin were averaged to produce a mean temperature profile for
the experiment, with the mean value associated with the
center of the bin. The equation of state of Chen and Millero
[1977] was used to compute the density profile from the
mean temperature profile. This density profile was linearly
interpolated onto a 0.25 m grid, and the buoyancy frequency
was computed using a centered difference (Figure 3b). Tur-
bidity was also measured with the SCUFA.
[14] Temperature microstructure was measured at an
onshore site and an offshore site (sites A and B, respectively,
in Figure 2) with a Self‐Contained Autonomous MicroPro-
filer (SCAMP) manufactured by Precision Measurement
Engineering. Ten profiles were measured at each site. The
SCAMP measures small‐scale temperature fluctuations with
Thermometrics FP07 thermistors, which have a nominal
response time of 7 ms, though the actual response depends
on probe speed and sensor construction [Gregg, 1999]. The
fall rate of the SCAMP was approximately 0.1 m/s, and
temperatures were recorded at 100 Hz. Analog signal pro-
cessors in the SCAMP computed the time derivative of the
voltage signals from the thermistors before the signals were
digitized, and profiles of temperature gradient were computed
with Taylor’s hypothesis.
[15] The temperature gradients were then used to compute
the dissipation of temperature variance cT and eddy diffu-
sivityKT. Following procedures similar to those used by Soga
and Rehmann [2004], we computed cT by assuming isotropy
and integrating the difference of the observed temperature
gradient spectrum Sobs, computed in segments of 512 points
or about 0.5 m, and the noise spectrum Sn over the wave
number k1,
T ¼ 6DT
Z1
0
Sobs k1ð Þ  Sn k1ð Þ½ dk1; ð4Þ
where DT is the molecular diffusivity of heat. The noise
spectrum is an estimate derived from measurements with an
FP07 thermistor in quiescent water. The eddy diffusivity was
computed with the relation from Osborn and Cox [1972],
KT ¼ T
2 @T=@z
 2 : ð5Þ
The mean temperature gradient ∂T /∂z was determined by
fitting a line to the temperature in each segment. Values of
∂T /∂z and cT were assigned to 0.5 m intervals in the vertical,
and profiles of the ensemble averages and their 95% confi-
dence limits were computed for each sampling site from 200
bootstrap resampled populations. The statistics for cT and the
temperature gradient were used to compute profiles ofKT and
their 95% confidence limits using equation (5).
[16] Wain and Rehmann [2005] addressed the uncertainty
in the eddy diffusivity KT computed with the Osborn‐Cox
method, which comes from the fit of the mean temperature
gradient for each segment, the resolution of cT, the assump-
tion of isotropy, and the validity of the Osborn‐Cox balance.
An analysis of the robust linear fit used to compute the
temperature gradient yielded an uncertainty of less than 1% in
∂T /∂z, and more than 95% of cT was resolved in all spectra
before they met the noise spectrum. The assumption of isot-
ropy used in (4) can be questioned in strongly stratified tur-
bulence because vertical motions are suppressed relative to
the horizontal motions. Theory for strongly stratified,
unsheared turbulence predicts small errors, while theory for
strongly stratified, sheared turbulence suggests that (4) will
overpredict cT by a factor of 2–3 [Rehmann and Hwang,
2005]; the latter result is consistent with results from direct
numerical simulations [Itsweire et al., 1993]. For turbulence
in Kelvin‐Helmholtz billows with Cox number KT/DT > 10,
as in the results reported below, errors can be up to a factor of
3, but for turbulence in later stages, the errors are less than a
factor of 2 [Smyth and Moum, 2000]. With microstructure
measurements alone, evaluating the validity of the produc-
tion‐dissipation balance behind (5) is difficult; however, a
similar balance has been assumed in many other measure-
ments of turbulence on a sloping boundary in a lake [e.g.,
Wüest et al., 1996; MacIntyre et al., 1999].
[17] To assess the state of the turbulence in the bottom
boundary layer, we computed dimensionless parameters that
involve ", the rate of dissipation of turbulent kinetic energy.
The dissipation can be estimated by fitting a theoretical form
of the temperature gradient spectrum, originally derived by
Batchelor [1959], to spectra measured with the SCAMP. The
one‐dimensional spectrum SB(k1) of the temperature gradient
is
SB k1ð Þ ¼
ﬃﬃﬃ
q
2
r
T
DTkB
 e
2=2  
Z1

ex
2=2dx
0
@
1
A; ð6Þ
where the parameter q is taken to be 3.4 [Ruddick et al., 2000].
The Batchelor wavenumber is kB = ("/nDT
2)1/4, where n is the
kinematic viscosity and  = (2q)1/2k1/kB. The spectrum (6)
was fit to measured temperature gradient spectra at high
wavenumbers by adjusting kB, and the dissipation was
computed from the best fit.
[18] Rhodamine WT was used to track mixed fluid from
the slope into the interior. The presence of a turbid layer
(Figure 3c) and steps in the individual temperature profiles,
which indicate mixed layers that may result from intrusions,
were used to determine the target depth of 6 m for injection.
The dye wasmixedwith surface water to match the density on
the target isotherm. The dye was injected in a 10 m horizontal
streak over 5 min by pumping from the shore through a hose
connected to a diffuser that spread the dye and reduced the
turbulence generated by the injection. The injection device
included the SCUFA and SBE 50 so that the diffuser could be
set to the target depth. Once the dye mixture was emptied
from the vessel in which it was mixed, the remaining dye was
flushed out of the hoses with surface water.
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[19] After the dye was injected, it was tracked using
the SCUFA. The SCUFA compensates for the effect of
temperature on fluorescence, and it responds linearly to
concentrations up to 200 ppb (Turner Designs, personal
communication). The SCUFA was calibrated using a 50 ppb
Rhodamine WT standard. Profiles of concentration were
measured throughout the northeast portion of the lake to
capture the major characteristics and the edges of the dye
cloud. All the measurements were combined to yield a map of
the dye cloud. Following Ledwell et al. [2004], the depth‐
integrated concentration or column integral was computed for
each profile. Working with the column integral allows the
effect of internal waves and seiches on the depth of the dye
cloud to be neglected. Because the background concentration
varied with depth, we subtracted the background column
integral computed from a profile measured before the dye
injection. Each profile’s position was determined using a
hand‐held global positioning system. The column integral
calculated for each profile yielded a two‐dimensional map of
the dye cloud. To delineate the edges of the cloud, the column
integral was set to zero at the 4 m depth contour, the depth of
the epilimnion, because no dye was observed in the epilim-
nion during the study. The column integrals were then
mapped onto a regular grid with linear interpolation.
3. Results
[20] The wind measurements indicate the passage of
atmospheric gravity waves before the injection and on the
second day of the experiment (Figure 4a). The peaks in wind
speed were accompanied by 180° changes in wind direction
(Figure 4b). The Lake number varied between 4 and 600
(Figure 4c). The low values of LN suggest that seiches and
internal waves were generated. When LN < 10, seiching
motions have been observed after the wind relaxed in other
lakes [e.g., MacIntyre et al., 2009; Romero et al., 1998;
Stevens and Lawrence, 1997]. Also, data from a meteoro-
logical station with a thermistor chain that was placed in Ada
Hayden Lake in 2007 and 2008 confirmed that wind speeds
greater than approximately 7 m/s, which corresponded to a
Lake number of approximately 14, are sufficient to generate
internal waves during summer stratification.
[21] Mixing was enhanced where the thermocline inter-
sected the sloping boundary (Figure 5). The dissipation was a
factor of only about two greater on the slope (site A) than in
the interior (site B, Figure 5a), but the weak stratification in
the bottom boundary layer suggests the eddy diffusivity of
density would be much larger onshore. In fact, the eddy dif-
fusivity of temperature was more than an order of magnitude
greater on the slope than in the interior (Figure 5b). In the
bottom 0.5 m of the water column at site A, mixing was
enhanced relative to that at both site B and in the upper
portion of the water column below the epilimnion. Another
peak in the eddy diffusivity profile occurred at 8.25 m;
however, the 95% confidence intervals at this depth span
2 orders of magnitude. The enhanced turbulence at site A
generated a mixed layer on the slope between 6 and 7m depth
(Figure 5c). This layer was not present on the lake bottom at
site B, where the stratified water column reached the bottom
at about 9 m. However, the temperature step bounding the
mixed layer generated at the slope was seen in the water
column at site B at about 6.8 m depth, indicating possible
intrusion formation due to the elevated mixing on the slope.
Dye profiles from sites A and B confirmed the connection
between the mixed fluid at the boundary and the mixed layer
in the interior (Figure 5d). The difference in the depths of the
Figure 4. Wind at AmesMunicipal Airport: (a) wind speed,
(b) wind direction, and (c) Lake number. The time of dye injec-
tion is marked with a dashed line, and the times of the SCAMP
measurements and dye cloud mapping are also indicated.
Figure 5. Comparison of profiles on the slope (site A,
dashed line) and in the interior (site B, solid line): (a) dissipa-
tion, (b) vertical eddy diffusivity with 95% confidence inter-
vals, (c) temperature, and (d) dye concentration.
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peaks is due to seiching motions between measurements; the
peaks coincide when concentration is plotted as a function of
temperature (not shown).
[22] The dye cloud propagated approximately 260 m into
the interior of the lake 1 day after the injection (Figures 6
and 7). The edge of the dye cloud was considered to occur
where the dye concentration dropped to 5% of the maximum
concentration in the transect. A small amount of dye appeared
to have separated from the main cloud and was observed
at the circled point in Figure 6. Because the main cloud
contained 91% of the mass of dye injected, this point was
removed tomake the analysis clearer.Within 1 day, over 58%
of the dye injected moved off the slope region, defined by the
Figure 6. Spread of the dye cloud 24 h after injection. The contour indicates where the column integral is
below 5% of the maximum. Dots indicate dye profile locations, and stars indicate the profiles shown in the
transect series below. Site A is the injection site. At the circled dye profiling location, a small amount of dye
was detected. This point was removed from the analysis as described in the text.
Figure 7. Longitudinal transect of dye cloud 24 h after injection. The dye was injected at A. The thick
contour indicates where the concentration drops to 5% of the maximum. The depth‐averaged background
concentration was subtracted from all the profiles. The concentration profiles were mapped onto the
corresponding temperature profile to remove internal wave effects, and the mean temperature profile was
used to convert the profile to a function of depth. Dotted contours show isotherms determined from temper-
ature profiles; temperatures are in °C.
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10 m isobath, with a front velocity of 0.3 cm/s. On average,
the intrusion was 1 m thick over an area of 47,000 m2.
4. Discussion
[23] In this section, we discuss the source of the turbulence
that generates the intrusion, compare the propagation distance
of the intrusion to results derived from a force balance,
compare our results to the field measurements of Inall [2009],
and discuss the mass transport offshore and its importance for
water quality in lakes and reservoirs.
4.1. Turbulence Generation on the Slope
[24] Internal waves generated turbulence on the slope. In
2005, there was no thermistor chain in the lake, but the dis-
placement of peak dye concentrations between the two
measurements in Figure 5d indicates the possibility of
seiching motions with an amplitude of at least 0.5 m. This
value is consistent with observations with data from therm-
istor chains from July and August of 2007 and 2008: When
LN < 10, the amplitude at 6 m depth varied between 0.19 and
0.78 m, and the mean amplitude was 0.46 m. Modal analysis
with the stratification during the experiment yields a V1H1
seiche, a seiche of the first vertical mode and first horizontal
mode, with a period of 1.3 h. The time between the wind
speed peaks of the atmospheric gravity wave passing over
the lake was 1.5 h, which may potentially resonate with the
natural frequency of the V1H1 seiche. Although detailed
information regarding the internal wavefield is not available
for this experiment, the microstructure measurements show
enhanced turbulence on the slope relative to lake interior.
Eddy diffusivities on the order of 10−4 m2/s have been
observed on lake slopes [e.g., MacIntyre et al., 1999]; the
current observations are lower than that but similar to those
from other studies [e.g., Gloor et al., 2000].
[25] The boundary mixing was likely due to seiching cur-
rents rather than breaking internal waves. The first mode
seiche was critical with respect to the slope only in the region
of the deepest turbid layer; although higher‐frequency waves
may have been critical at the depths of the two uppermost
turbid layers, often most of the energy in the internal wave-
field in a lake is contained at the dominant seiching fre-
quencies [e.g., Boegman et al., 2005; Münnich et al., 1992].
Laboratory experiments on critical breaking internal waves
on a slope [De Silva et al., 1997; McPhee‐Shaw and Kunze,
2002] suggest that interaction between incident and re-
flected rays of slightly supercritical waves may also enhance
turbulence at the boundary. For the regions of interest on the
slope, the ratio between the seiching frequency and the crit-
ical frequency is 0.3, which is lower than the parameter range
of these laboratory experiments (which had lower limits of
approximately 0.8 and 0.5, respectively), but both studies
imply that the turbulence generation caused by critical
reflection decreases as the waves become more subcritical.
For these reasons, we eliminate breaking internal waves as the
mechanism for generating turbulence and attribute the ele-
vated boundary mixing to the seiche‐induced currents pass-
ing over the boundary, as observed by others [e.g., Gloor
et al., 2000; Lorke and Wüest, 2005].
[26] Turbulence can also be generated by convective
mixing caused by the seiching motions as described in the
work of Lorke et al. [2005, 2008]. Because of velocity gra-
dients in the seiching currents in the bottom boundary layer,
cooler water is advected over warmer water as the seiche
moves upslope, weakening the stratification and potentially
causing convective motions. As the seiche moves downslope,
the stratification strengthens and less turbulence is observed.
The amplitudes of the wave motions that created convective
mixing in those studies were several times greater than the
amplitudes observed here. However, time series of turbulence
quantities in the bottom boundary layer would be required to
determine definitely whether convective mixing generates
turbulence in Ada Hayden Lake.
[27] The properties of the intrusionwill depend on the force
balance at the generation site. As in the study of an axisym-
metric intrusion generated by a bubble plume [Lemckert
and Imberger, 1995], the effects of buoyancy, inertia, and
viscosity can be compared quantitatively with the turbulent
Froude, Reynolds, and Grashof numbers, defined as FrT =
"1/3/(NLC
2/3), ReT = "
1/3LC
4/3/n, and GrT = NLC
2 /n, respectively,
where LC is the centered displacement scale. Using mea-
surements on the slope of the bootstrap mean of the dis-
sipation computed from microstructure measurements, the
mean buoyancy frequency in the bottom boundary layer (N =
0.041 rad/s), and the mean Thorpe scale, we estimate FrT = 3,
ReT = 50, and GrT = 17. These values fall close to the
parameter range estimated for boundary mixing processes
[Imberger and Ivey, 1991]. The turbulent Reynolds number
exceeds the value of 15 at which viscosity affects the turbu-
lence [Ivey and Imberger, 1991], and because the turbulent
Grashof number, which compares the effects of buoyancy
and viscosity, exceeds 15, effects of buoyancy dominate
effects of viscosity [Lemckert and Imberger, 1995]. Thus,
for these values of the parameters, the turbulence can best
be described by an inertia‐buoyancy balance. The balance
implied by these parameters should not depend on the process
generating the turbulence because the parameters involve
quantities that can be defined for all turbulent flows and the
critical values were determined from different types of flows
[Ivey and Imberger, 1991].
4.2. Intrusion Propagation
[28] Although an intrusion may start with a balance
between buoyancy and inertia, it will eventually reach a
critical distance where viscous forces will become important.
That distance will depend on the geometry of the spreading
and the steadiness of the forcing. If the boundary mixing
occurs at a point, the resulting intrusion will spread radially,
but if the mixing occurs across the entire width of the slope,
the intrusion will spread in two dimensions only. Because the
nature of the source is unclear, we use both formulations. The
formulas below assume a continuous source of momentum to
drive the intrusion. While the winds forcing the internal
waves might be impulse events, the resulting seiching
motions do not decay immediately; rather, they can maintain
the bottom boundary layer [e.g., Gloor et al., 2000]. During
the current study, another wind event occurred between the
dye injection and the dye mapping. For these reasons, we
assume that the inertia‐buoyancy balance held at all times at
the intrusion generation site.
[29] Following Chen [1980] and scaling the viscous force
asFv ∼ rnQL/h2 and the inertial force asFi ∼ rQ2/Lh, whereQ
is the volumetric flow rate of mixed fluid away from the
source, L is the length of the intrusion, and h is the intru-
sion thickness, Lemckert and Imberger [1993] derived an
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expression for the distance to the transition from an inertia‐
buoyancy balance to a viscous‐buoyancy balance for an
axisymmetric, radially spreading intrusion as
Ltax ¼ 0:91 Q
3
N2
 1=5
: ð7Þ
The coefficient was determined with results from a dye
injection in a bubble plume intrusion. This expression was
derived for an intrusion that spreads axisymmetrically about
the vertical and does not interact with a boundary. In the
current study, the flow is bounded by the slope, but the
pressure gradient still exists only in a radially outward
direction. For a two‐dimensional intrusion, the transition
distance is
Lt2D ¼ 0:67 q
3
N2
 1=2
; ð8Þ
where q is the flow per unit width and the constant comes
from the theory of Chen [1980]. We use N = 0.081 rad/s, the
average buoyancy frequency at the depth of the intrusion, and
estimate Q = 0.5 m3/s from the average intrusion thickness of
1 m (from Figure 7), the areal extent of the dye cloud south of
the source of 47,000m2 (from Figure 6), and the time between
the injection and the last profile used for the dye mapping
(1.03 days). Then the transition distance for an axisymmetric
intrusion is Ltax ≈ 260 m, and with an average intrusion width
of 170 m, the transition distance for a two‐dimensional
intrusion is Lt2D = 420 m. Both estimates imply that the
intrusion was governed by an inertia‐buoyancy balance
during the experiment. In contrast, the propagation of intru-
sions in the laboratory experiments of De Silva et al. [1997]
and the field observations of Gloor et al. [2000] were
described by a viscous‐buoyancy balance.
[30] The force balance allows the intrusion’s propagation
distance to be predicted as a function of time since generation.
By equating the inertial force and the buoyancy force,
Lemckert and Imberger [1993] used their results to estimate
the intrusion position as a function of time as
Lax ¼ 0:4 QNð Þ1=3t2=3; ð9Þ
while Chen’s [1980] results for a two‐dimensional intrusion
can be used to obtain
L2D ¼ 0:71 qNð Þ1=2t: ð10Þ
In the current experiment, the theoretical propagation
distance under an inertia‐buoyancy balance after 1.03 days
is 280 m for an axisymmetric intrusion and 980 m for a
two‐dimensional intrusion. Because the observed propaga-
tion distance was 260 m, the three‐dimensional spreading
observed here is better approximated by the radial spreading
model than a two‐dimensional model; this agreement sug-
gests that the mixing is focused in a small area rather than
along the slope. As the intrusion continues to propagate and
approaches the transition distance, viscous effects should
start to become important and retard the propagation of the
intrusion. Also, these estimates treat the flow as steady
(although an intrusion in this flow advances in time); in our
flow the currents generating the turbulence oscillate. Time
series of temperature in the bottom boundary layer would be
needed to determine whether the boundary layer properties
remain steady.
[31] An alternative approach is to use the observed prop-
agation length to determine a range of values for the transport
from the bottom boundary layer to the interior. The axi-
symmetric model (9) gives Q = 0.5 m3/s, while the two‐
dimensional model yields a much smaller value: from
equation (10), the flow per unit width q is 2.1 × 10−4 m2/s.
Over the observed width of 170 m, the total flow is 8% of that
computed from the axisymmetric model. Further measure-
ments of temperature microstructure or bottom turbulence
would improve estimates of the total transport into the interior
by showing whether the mixing is localized or distributed
along the slope.
[32] Internal waves can also contribute to the offshore
transport. For a V1H1 seiche with an amplitude of isotherm
displacement of 0.5 m at a depth of 6 m, linear wave theory
predicts a maximum offshore velocity of 0.35 cm/s, which is
comparable to the net front velocity we observed. However,
advection by seiches is likely to be small because the hori-
zontal velocity is much smaller near the boundary and the net
velocity over a period should be zero. Residual flows can be
present, but because Marti and Imberger [2008] observed a
residual flow that was 15%–20% of the maximum velocity at
the boundary, we expect the effects of residual flow in our
case to be small. Offshore transport can also be due to dis-
persion resulting from the interaction of turbulent transport
with the shear and strain of the internal wave motions; key
elements of this mechanism were analyzed by Young et al.
[1982]. Although this shear dispersion and possibly hori-
zontal diffusion from background turbulence may transport
dye, diffusion or dispersion alone cannot be responsible for
the dye distribution because the maximum dye concentra-
tion was located in the middle of the cloud. Also, laboratory
work that has tracked dye from boundary mixing processes
[De Silva et al., 1997;McPhee‐Shaw and Kunze, 2002;Wells
and Helfrich, 2004] described dye injected at the boundary
propagating as a front, as opposed to diffusing or dispersing.
Our future work includes analyzing the role of shear disper-
sion in a tracer study from 2007 in which the Lake number
was not as low as in the present study.
4.3. Comparison With Previous Studies
[33] As discussed in section 1, several field observations
provide evidence of intrusions, but only one other study has
directly measured intrusions in a natural environment. Inall
[2009] injected dye into the stratified water column of a
fjord in amanner similar to the work ofGoudsmit et al. [1997]
and mapped the tracer in a vertical plane along the main axis
of the fjord. The tracer was eventually entrained into the
bottom boundary layer and swept upslope and downslope
by the internal tide. The internal tide was presumed to gen-
erate turbulence at the rough boundary, but no measure-
ments quantified the turbulence measurements in the bottom
boundary layer. Vertical mapping of the dye cloud showed
that the dye swept downslope and intruded into the interior
along isopycnals.
[34] Our study differed from that of Inall [2009] in several
ways. The dye was injected on the bottom boundary, and it
spread in three dimensions. Temperature microstructure
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measurements identified the bottom as a site for generating
turbulence and intrusions. Most of the dye did not travel far
up or down the slope, most likely because the amplitude of the
seiching motions was on the order of 1 m, which is 10 times
smaller than the displacements in the fjord. However, tur-
bidity measurements before the dye injection show three
distinct turbid layers (Figure 3c), indicating that the entire
slope might be a site for turbulence generation and a source of
suspended sediment. The lack of dye in the epilimnion, the
upper 4 m of the water column, shows that the dye did not
move upslope.
[35] The thickness of the intrusions and their vertical sep-
aration can be set by the stratification, the forcing, or the
topography. The intrusion thickness of 1 m is approximately
6 times the Ozmidov scale ("/N3)1/2 of 0.15 m, computed with
the dissipation rate and buoyancy frequency measured in the
bottom boundary layer. This result is similar to that for in-
trusions generated by a horizontally oscillating vertical grid
[Browand et al., 1987]. However, Inall [2009] found that
intrusions generated by the passage of the internal tide over
rough topography did not organize according to the Ozmidov
scale; the thickness and spacing of the intrusions in his
experiments were 20 times the Ozmidov scale or larger.
Instead, the spacing and thickness of the intrusions were
similar to the dominant wavelength of the bottom topogra-
phy, which was determined to be 10 m by spectral analysis
of the variation of the bed elevation along the slope. In Ada
Hayden Lake, the separation of the turbid layers (Figure 3c),
which is about 1.5 times the thickness of the intrusion, is
about 10 times the Ozmidov scale. However, the bed
topography is smoother than in the fjord of Inall [2009]. If
the wavelength of the topography sets the intrusion spacing,
then the separation of the turbid layers should be larger than
we observed in Ada Hayden Lake. In both the present
experiments and those of Inall [2009], vertical scales of the
intrusions were on the order of the amplitude of the
dominant internal waves.
[36] Dimensional analysis can provide a framework for
assessing the effects of the various parameters on the vertical
scales. In general, the intrusion thickness h could depend on
the slope angle a, the buoyancy frequency N, the wave fre-
quency w, kinematic viscosity n, and several length scales
(the wave amplitude a, wavelength L, length scale hr over
which the stratification changes, and the length scale Lb of the
bottom topography). Dimensional analysis yields
h
a
¼ f ; a
Lb
;
a
L
;
!
N
;
a
h
;

Na2
 
: ð11Þ
For low‐mode seiches, both a/L and w/N can be removed
because they are small, and if a/hr 1, at least in the interior
of the lake, then its effect can be ignored. Then, if the
topography is smooth (a/Lb 1) and intrusions are governed
by an inertia‐buoyancy balance (n/Na2  1), the intrusion
thickness is proportional to the wave amplitude and a function
of the slope angle. Evaluating this relationship is difficult
because of the limited number of measurements. Although
the intrusion thickness in the present study and the study of
Inall [2009] was proportional to the wave amplitude and the
mean slope angles were comparable, the length scale Lb may
be important in the case of Inall [2009] because a ∼ Lb. The
observations of Gloor et al. [2000] discussed in section 1
suggest that the intrusion thickness will decrease with in-
creasing slope angle, but further measurements are required
to define the relationship in more detail.
4.4. Offshore Mass Transport
[37] Intrusions can be an important path for transporting
heat and other scalars offshore. The presence of turbid layers
offshore indicates that the turbulence at the boundary may be
suspending sediments that then are transported into the lake
interior. The resuspension of sediments by internal seiches in
lakes has been documented by several researchers [e.g.,
Gloor et al., 1994; Pierson and Weyhenmeyer, 1994]. This
sediment resuspension has been shown to release dissolved
constituents such as methane [Murase et al., 2005] and
phosphorus [e.g., Eckert et al., 2003] from the sediment pore
waters. As Gloor et al. [2000] noted, intrusions enhance the
efficiency of boundary mixing because they move the mixed
fluid offshore. In the current study, almost 60% of the mass of
the dye injected moved off the slope and into the interior after
1 day, indicating that a significant portion of substances
entrained into the bottom boundary layer may end up in the
pelagic zone of the lake. In this manner, localized mixing at
the boundaries can be communicated to other parts of the
lake. Thus, in a strongly stratified lake, intrusion formation
can play a major role in transporting scalars in a lake.
5. Summary
[38] A field experiment with measurements of tracer con-
centrations and temperature microstructure was conducted to
study the consequences of boundary mixing in a small lake.
Rhodamine WT was injected along the sediment‐water
interface to track an intrusion. Along with the observations of
Inall [2009], this study is one of the first direct measurements
of such boundary generated intrusions in the field, and it is the
first to map the intrusion in three dimensions. Enhanced
mixing indicated by estimates of the vertical eddy diffusivity
from temperature microstructure measurements on the slope
is attributed to seiching currents interacting with the bound-
ary. Unlike Inall [2009], we did not observe upslope transport
within the bottom boundary layer. The observed bottom
boundary layer collapsed into an intrusion governed by a
balance between inertia and buoyancy. The intrusion had an
average thickness of 1 m, and it propagated approximately
260 m into the lake interior after 1 day. The intrusion’s
behavior matched the propagation characteristics predicted
by Lemckert and Imberger [1993] for an axisymmetric
intrusion generated by a bubble plume. Almost 60% of the
mass of dye injected moved off the slope and into the pelagic
zone; the intrusion had a volume flow rate of 0.5 m3/s. These
observations, along with the persistent turbid layer at the
depth of the intrusion, suggest that intrusion formation may
be an important mechanism for transporting dissolved sub-
stances and affecting lake ecology.
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